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The temperature-dependent transitions of polystyrene-block-poly(ethylene-co-1-butene)-block-poly-
styrene block copolymer (SEBS) at high temperature were studied using infrared spectroscopy combined
with two-dimensional (2D) correlation spectroscopy. The order—order transition (OOT), the lattice dis-
ordering transition (LDT), and the order—disorder transition (ODT) of SEBS were explored with a linear
temperature increment ranging from 100 to 220 °C. AFM was employed to study the surface morphology

of SEBS and to identify the correlation intensity peaks in the MW2D spectra. The OOT was determined

Keywords:

around 152 °C. The LDT appears around 170 °C. The ODT was also successfully determined around 202 °C.

SEBS It is gained that the key driver of the OOT is the movements of —CH,— in the main chains of EB blocks. In

Two-dimensional correlation infrared
spectroscopy
Transition

the LDT, the movements of groups are simultaneous and the SEBS molecular chains move as a whole. In
the ODT, it shows the driver is the movements of —CH,— in the main chains of EB blocks.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Block copolymers can form various types of separated micro-
phase structures, which range from gyroid, lamellae, cylinders to
spheres depending on the content of the constituent blocks and the
difference of solubility parameters [1—8]. Many studies have been
reported that block copolymers presented several morphological
transitions with the temperature increments [9—12]. The transition
from one ordered microstructure to another and the transition
from one ordered state to microdomains disappearing are referred
as the order—order transition (OOT) and the order—disorder tran-
sition (ODT), respectively [13—21]. For highly asymmetric block
copolymers, there exists the lattice disordering transition (LDT)
[22—26], which is defined as the transition from the spheres in
a body-centered cubic (BCC) lattice to the disordered spheres.

Polystyrene-block-poly(ethylene-co-1-butene)-block-polystyrene
block copolymer (SEBS) is one of the earliest industrial thermoplastic
elastomers [1,27]. Fig. 1 shows a molecular structure of SEBS, which
has polystyrene (hard block S) at both ends and poly(ethylene-co-1-
butene) (soft block EB) in the middle. Like other block copolymers,
SEBS displays various separated microphase structures with the S
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blocks (or EB blocks) volume ratio and other conditions changing
[1,27—-30].

The OOT, LDT, and ODT of SEBS were studied by several research
groups [26,31—-33]. According to the literature [26,31—33], the
experimental methods to determine the OOT, LDT, and the ODT
were small-angle X-ray scattering (SAXS), small-angle neutron
scattering (SANS), rheological measurements, differential scanning
calorimetry measurement (DSC), and transmission electron
microscopy (TEM). Most of these studies on these systems focused
on the morphological changing, the pathway, and the kinetics of
the OOT, LDT, or the ODT. Recently, we have investigated the
temperature-dependent molecular chain movements and transi-
tions of SEBS with the moving-window two-dimensional correla-
tion infrared spectroscopy (MW2D) [34]. We found MW2D was
a powerful method to clarify temperature-dependent transitions of
block copolymers.

To determine the phase-transition temperatures of a thermo-
tropic liquid crystal sample, moving-window two-dimensional
correlation spectroscopy method was introduced by Thomas and
Richardson [35]. This method was an extension of generalized two-
dimensional correlation spectroscopy [36—44], proposed by Noda
[45]. MW2D can be direct applied to view spectral correlation
variation along both spectral variables (e.g., wavenumber) and
perturbation variables (e.g., temperature) axis [46—49]. Therefore,
from the correlation intensity along the perturbation variables
direction the transition point can be determined. Recently, several
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Fig. 1. Molecular structure of SEBS. X and Y + Z represent the polymerization degrees of the hard and soft blocks of SEBS, respectively.

researchers have reported the successful applications of MW2D,
which can easily be applied to determine the glass transition, the
melting point, and the phase-transition point of polymers
[46,49—55].

In this paper, the OOT, LDT, and the ODT of SEBS were studied
with infrared spectroscopy combined with two-dimensional
correlation analysis. The atomic force microscopy (AFM) measure-
ment was also employed to aid the determination from the MW2D
correlation spectra. The OOT, LDT, and the ODT were determined at
152 °C, 170 °C, and 202 °C, respectively.

2. Experimental section
2.1. Materials

Commercial SEBS G1657, a highly asymmetric block copolymer,
was used in the experiment. It was bought from Shell Develop-
ment Co and contains roughly 30 wt% diblock copolymer. The
weight-average molecular weight of G1657 is 70,000 g/mol and its
polydispersity index (Mw /M) is 1.05. Because the soft/hard ratio
is 87/13 (wt), the G1657 is expected to form a body-centered cubic
(BCC) sphere morphology.

2.2. FTIR spectroscopy

SEBS was spread on one side of a KBr disk by solvent casting
from 40 g/L cyclohexane solution. The KBr disk (0.8 mm thick), with
the SEBS film sample, was dried in a vacuum oven at 90 °C for
240 min with a —0.08 MPa vacuum degree. The SEBS film disk
sample was placed in a homemade temperature control instrument
including program heating cell and circulation water jacket cooling
system. The temperature-dependent absorbance IR spectra in the
4000—400 cm ™! region were measured with Bruker Tensor 27 FTIR
spectrometer, equipped with a deuterated l-o-alaninedoped tri-
glycine sulfate (DLaTGS) detector. The spectral resolution was
4 cm~! and the number of the scans of each spectrum was 20. The
SEBS film disk sample was heated from 20 °C to 90 °C at a constant
rate of 5 °C/min. The temperature was keep at 90 °C for 5 min and
continued to increase from 90 °C to 220 °C. Sixty IR spectra were
collected from 100 °C to 220 °C (5 °C/min increasing rate) at
approximately 2 °C increments. The SEBS film sample was pro-
tected by dried high-purity nitrogen gas during the measurement.

2.3. AFM measurement

The atomic force microscopy (AFM) was employed to explore
the surface morphology of SEBS (G1657). The SEBS film samples on
mica flakes (15 mm) in AFM experiment were cast from 40 g/L
cyclohexane solution and their thickness was 1—2 um. The mica
flakes, with the SEBS film samples, were dried in a vacuum oven at
90 °C for 240 min with a vacuum degree of —0.08 MPa. After cooled
down to 20 °C, the SEBS film samples were placed in a small
homemade vacuum oven (—0.09 MPa). It is specially designed and
the temperature can be controlled within 1 °C. We prepared 4
samples for AFM experiments through the method described

below: each sample was heated from 20 °C to 90 °C at a constant
rate of 5 °C/min. Then the temperature was keep at 90 °C for 5 min
and continued to increase from 90 °C to 140 °C (sample 1), from
90 °C to 152 °C (sample 2), from 90 °C to 170 °C (sample 3), from
90 °C to 202 °C (sample 4), respectively. And then the sample was
kept at the destination temperature for 5 min and rapid quenched
with freezing absolute ethyl alcohol (—18 °C). Tapping-mode AFM
images were gained under normal conditions in air using a Nano-
Scope Il Multimode AFM (Digital Instruments). A silicon tip was
used with 1.0 Hz scan rate.

2.4. Two-dimensional correlation analysis

In this study, all the MW2D and generalized 2D correlation
spectra were processed and calculated using two-dimensional
correlation spectroscopy software, 2DCS (version 4.3), developed
by one of the authors (Tao Zhou). Before performing the analysis,
the intensity of each IR spectrum was normalized. The normalized
intensity at the given wavenmbers was calculated according to the
following equation:

Aw) = — (1)
IR (D)

i=1

where A(v) is the normalized intensity and I(v) is the original
intensity. Parameter v is the spectral variable (e.g. wavenumbers).
Parameter i is the index of data points in an infrared spectrum.
Here, the region of the spectral variable is 4000—400 cm ™.

During the calculation, the window size was chosen as
2m + 1 =11 to produce the MW2D correlation IR spectra with high
quality. The 5% autocorrelation intensity of MW2D correlation
spectra was regarded as noise and was cut off. Of special attention is
the MW2D correlation spectra were calculated from the whole IR
spectral region (4000—400 cm™!) of SEBS. In the generalized 2D
correlation spectra and the MW2D spectra, red and blue areas
represent the positive and negative correlations, respectively. It
should be noticed that the small crosses in the generalized 2D
correlation spectra are used to mark the precise position between
two wavenumbers. These crosses are not the positive sign.

Table 1
The bands assignments of SEBS IR spectra.

Wavenumber Assignments
(cm™1)

EB block S block

2962 C—H asymmetry stretching, —-CHz —

2923 C—H asymmetry stretching, —CH,— C—H asymmetry stretching
of main chain, —CH,—

2852 C—H symmetry stretching, —-CH,— C—H symmetry stretching
of main chain, —CH,—

763 = =C—H bending vibration
of side benzene ring

721 C—H Rocking, —CH,— —

702 — =C—H bending vibration of

side benzene ring
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Fig. 2. Normalized temperature-dependent IR spectra of SEBS (100—220 °C). The red
spectrum curve is the last collected spectrum (at 220 °C). Key: (a) 3000—2800 cm™";
(b) 780—680 cm . (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

3. Theory

The theory of MW2D and generalized 2D correlation spectros-
copy has been described before [34,37,45]. The algorithm of MW2D
correlation spectroscopy also has been described in the literature
[34,46]. It is easy to develop a computer program of MW2D using C,
C++, FORTRAN, or Perl computer languages.

4. Results and discussions
4.1. The IR spectrum of SEBS

The IR spectrum of SEBS is the overlapping of the S blocks (atactic
polystyrene) and the EB blocks (poly(ethylene-co-1-butene)). The
bands assignments of SEBS spectra are summarized in Table 1
[56—61].

Fig. 2 shows the normalized temperature-dependent
(100—220 °C) IR spectra of SEBS. For clarity, the whole spectra are
not shown. The red spectrum curve is the last spectrum collected
(at 220 °C). As shown in Fig. 2(a), the peak at 2962 cm ™! is assigned
to the C—H asymmetry stretching vibration of —CHj3 of ethyl
branches of EB blocks. The peaks at 2923 cm~! and 2852 cm ™! are
assigned to the C—H asymmetry and symmetry stretching vibra-
tion of the —CHy— in the main chains of the EB and S blocks,
respectively. In Fig. 2(b), the peaks at 702 cm™! and 763 cm™! are
assigned to the =C—H bending vibration of the side benzene ring
of the S blocks. The peak at 763 cm™! shifts to lower wavenumbers

and the intensity of 702 cm~! decreases as the temperature
increases. The peak at 721 cm™!, assigned to the —CH,— rocking
vibration of the EB blocks, dramatically disappears at 220 °C.
Although the gradual variations are noted in the temperature-
dependent IR spectra, useful information about the transitions
cannot be gained.

Fig. 3 shows the MW2D correlation spectra based on autocor-
relation calculations in the 3000—2800 cm~' and 780—680 cm™!
region. Around 118 °C, three positive correlation intensity peaks are
observed. It is an outcome of the S block glass transition which has
been reported in our previous study [34]. The temperature, around
140 °C, has also been reported in our previous paper [34]. It can be
explained as the polystyrene main chains of the S block center
starting to move entirely. Thus, this temperature corresponds to the
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Fig. 3. MW2D correlation spectra based on autocorrelation calculated from the
temperature-dependent IR spectra of SEBS (100—220 °C). The contour levels represent
the projection of MW2D correlation intensity. The horizontal dashed lines correspond
to the temperature point at 118 °C, 140 °C, 152 °C, 170 °C, and 202 °C, respectively. A, B,
and C are the defined temperature range of the OOT, LDT, and ODT. Key: (a)
3000—2800 cm™"; (b) 780—680 cm .
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Fig. 4. AFM height images (1 x 1 um) showing the surface morphology of SEBS films on mica flakes. Key: (a) sample 1, prepared through rapid quenching with freezing absolute
ethyl alcohol at 140 °C; (b) sample 2, prepared through rapid quenching with freezing absolute ethyl alcohol at 152 °C. The small arrows show the position of some PS “worm”.

viscous flow temperature of the main chains of the S blocks. As
discussed above, the results of our previous study agree with that of
this experiment and calculations.

4.2. Order—order transition

As shown in Fig. 3, several correlation intensity peaks around
152 °C are viewed, except at 2962 cm~'. Krishnamoorti et al.
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Fig. 5. Synchronous and asynchronous IR spectra of the OOT (145—164 °C) in 780—680 cm ™. The small crosses mark the precise position at (763 cm~', 702 cm™'), (721 cm™!
702 cm™'), and (763 cm™!, 721 cm™!). Red and blue areas represent positive and negative correlations, respectively. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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[31—-33] reported the “worm like” cylinder-to-sphere order—order
transition (OOT) of SEBS was within 135—141 °C. However, in the
present study, if the OOT occurs around 140 °C, due to the chemical
joint and the interface between EB and S blocks [34], the movement
of the S block molecular chains certainly involves a fraction of the
EB blocks. In fact, we can just find two correlation intensity peaks
(around 140 °C, Fig. 3) at 2923 cm™! and 2852 cm™! which are
assigned to the movement of the —CH,— of main chains in PS. Thus,
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Fig. 6. Synchronous and asynchronous IR spectra of the OOT (145—164 °C) between 780—680 cm~' and 3000—2800 cm™". The small crosses mark the precise position at

(2962 cm~!, 702 cm ') and (2962 cm™!, 721 cm™").
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The results of the generalized 2D correlation analysis in the OOT, LDT, and ODT.

4253

Transitions Synchronous (@) Asynchronous (¥) Sequential order
00T (763 cm~!, 702 cm™ ') > 0 (763 cm™', 702 cm™ ') = 0 763 cm™! = 702 cm ™!
(721 cm™!, 702 cm™') > 0 (721 cm™!, 702 cm™') > 0 721 cm™ ! — 702 cm™!
(763 cm~', 721 cm ') > 0 (763 cm~', 721 cm ') < 0 763 cm ™! « 721 cm™!
cm o, cm ) > cm o, cm ) = cm o = cm-
2962 1702 >0 2962 1702 =0 2962 =702 L
cm o, cm ) > cm o, cam ) < cm - «— cm-
(2962 1721 H>o (2962 1721 hH<o 2962 T— 721 1
LDT (763 cm™!, 702 cm™') > 0 (763 cm™!, 702 cm™') = 0 763 cm™! = 702 cm™!
(721 cm™!, 702 cm™') > 0 (721 cm™', 702 cm ') = 0 721 cm™' =702 cm™!
(763 cm~!, 721 cm™') > 0 (763 cm~', 721 cm ') =0 763 cm~! =721 cm™!
cm o, cm > cm o, cm = cm = cm
(2962 1,702 H>o0 (2962 1,702 H=0 2962 T=702 1
cm ,721cm™ ) > cm L, 721 cm™ ) = cm =721 cm™
2962 172 >0 2962 172 =0 2962 T=721 L
OoDT (763 cm™!, 702 cm™') > 0 (763 cm™!, 702 cm ') = 0 763 cm ™! =702 cm ™!
(721 cm™!, 702 cm™') > 0 (721 cm™!, 702 cm™') > 0 721 cm™! — 702 cm™!
(763 cm~', 721 cm™') > 0 (763 cm~', 721 cm ') < 0 763 cm ! — 721 cm™!

(2962 cm™!, 702 cm™') > 0
(2962 cm™!, 721 cm™1) > 0

(2962 cm~!, 702 cm™ ") =0
(2962 cm™!, 721 cm 1) < 0

2962 cm~!' = 702 cm ™!
2962 cm™ ' « 721 cm!

the temperature point at 140 °C is only the viscous flow tempera-
ture of the main chains of the S blocks. In Fig. 3 around 152 °C, the
bands at 2923 cm~}, 2852 cm~!, 763 cm~, 721 cm~, and 702 cm~},
which are assigned to the EB and S blocks, show the correlation
intensity peaks. This result is consistent with the behaviors of SEBS
during the transitions [30]. This temperature point is probably the
OOT temperature. However, in this study, the value of 140 °C was so
close to that of reported by Krishnamoorti et al. (135—141 °C).
Which temperature is the actual OOT temperature? To validate, we
employed the atomic force microscopy (AFM) to explore the surface
morphology of SEBS.

Fig. 4(a) and (b) shows the surface morphology of the as-
prepared SEBS film of samples 1 and 2, respectively. As shown in
Fig. 4(a), sample 1 clearly shows the existence of the cylindrical and
spherical microdomains at 140 °C with “worm like” cylinders and
spheres of S blocks. However, in sample 2 (Fig. 6(b)), it almost
displays spherical microdomains with S block (PS) spheres. It was
noticed the pattern state of the PS spheres was a typical body-
centered cubic (BCC) sphere morphology. This result is consistent
with the work reported before [31—33]. Therefore, we unambigu-
ously assigned 152 °C as the cylinder-to-sphere order—order tran-
sition (OOT) temperature of SEBS.

However, something should be discussed in detail. It was
reported that the OOT of the block copolymers (SBS, SIS, and SEBS)
was very slow (24—72 h) using the annealing experiment [13,31,32].
However, if the block copolymers samples were shear-aligned
before the measurement [33,62,63], the time spent by the OOT will
become very fast, since the S blocks could form perfect cylinders. In
our experiment, the SEBS film sample on the KBr disk was cast from
the cyclohexane solution and it was dried only 240 min at 90 °C. The
total heating time (20—90 °C — 90 °C — 90—152 °C) was only

Disperse phase
S
QW
O O

SR,
O W

Phase interface

36.4 min. No other treatment was employed before the IR
measurement. Why the MW2D method can determine the OOT of
the SEBS within a short time in this study? We think it may be
explained as follows. In our studies, the SEBS thin film samples were
cast from the dilute solution and the film thickness on the KBr disk
was within 25 um. But the SEBS samples reported before were direct
prepared from heating pressing in a Carver press or cast from
a concentrated solution with about 1-2 mm thickness. In the
present study, a fraction of the S blocks probably form the relatively
perfect PS cylinders during the casting from the diluted solution.
The OOT time spent by these relatively perfect PS cylinders is very
short. Thus, we can easily observe the OOTaround 152 °C from Fig. 3.
This finding is similar with the reported by Kim et al. [62] In their
paper, it was found the OOT of SIS can be easily determined by DSC
of ultrahigh sensitivity. The fastest heating rate in their study was
20 °C/min. It is much faster than the one used in this study (5 °C/
min). This viewpoint can also be used to explain why there still has
a few PS “worm” do not complete the OOT at 152 °C in the AFM
image (Fig. 4(b), the small arrows mark the position of some PS
“worm”). Some research groups defined the OOT time as the time
that all the PS cylinders (perfect and imperfect) complete the
cylinder-to-sphere transition, and therefore the long annealing time
is necessary.

As mentioned at the beginning of this section, the bands at
2962 cm~!' show no correlation intensity peak. The bands at
2962 cm~! were assigned to the C—H asymmetry stretching
vibration of the —CHj3 of the ethyl branches in the EB blocks. It may
be due to the correlation intensity at 2962 cm™! is very small, so it is
not revealed by Fig. 3(a). To gain the mechanism of the OOT of SEBS,
the generalized 2D correlation analysis was performed with the
dynamic IR spectra within the OOT temperature range. As shown in

Continuous phase

EB

CH, CHs

CH; CH;j

Fig. 7. Sketch of SEBS and the ambient temperature is above 150 °C. The center area between two vertical heavy lines is the phase interface. The solid round dot stands for chemical
joint between polystyrene and poly(ethylene-co-1-butene). The molecular structure of EB blocks which is close to the chemical joint is almost the —CH,— and little ethyl branches

exist within the interface.
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Fig. 8. Whole process of polystyrene cylinders transiting to the spheres, around 152 °C.
The area between the solid lines and dashed lines represents the phase interface.

Fig. 3, the range of A which is 145—-164 °C is defined as the OOT
temperature range. The synchronous and asynchronous IR spectra
in 780—680 cm~! are shown in Fig. 5. The small crosses mark the
precise positions at (763 cm~', 702 cm™'), (721 cm~}, 702 cm™ 1),
and (763 cm™, 721 cm™!). The synchronous and asynchronous IR
spectra between 780—680 cm~! and 3000—2800 cm™! are shown

1.00
0.50
0
0 0.50 1.00
pm

Fig. 9. AFM height images (1 x 1 um) showing the surface morphology of SEBS films
on mica flakes. The SEBS film was prepared through rapid quenching with freezing
absolute ethyl alcohol at 170 °C. The small arrows show the position of some PS
“worm”.
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in Fig. 6. The results are listed in Table 2. According to Noda'’s rules,
the movement of —CH,— of the main chains in the EB blocks is
before that of benzene ring in S blocks, as well as before that of
—CHj3 in EB blocks. This shows the key driver of the OOT is the
movements of —CH,— in the main chains of the EB blocks. In fact
[34], there is a thick phase interface between the EB and S blocks at
this high temperature (152 °C). Since the interface is a transitional
region, the molecular chains of the S and EB blocks coexist. Because
of the process of SEBS synthesis, a small mount of the EB blocks,
which connects with the chemical joints, is mostly the —CH;,—. That
is to say, the molecular structure of the EB blocks contains all
—CH,— and there are no ethyl branches within the interface (Fig. 7).
As shown in Fig. 8, during the OOT, the S blocks is encapsulated by
the interface, which can explain why —CH,— is the key driver.

As reported by Krishnamoorti et al. [31—33], the OOT of SEBS can
be conveniently detected using SANS, rheological measurements,
and TEM. In SANS, for example, near the OOT the characteristic of
the q ratios was fully different and the q position of the primary
peak was shifted largely when the temperature was raised. The
microstructure transformation of OOT was monitored by SANS and
rheological measurements, but the structural assignments were
still unclear. So TEM experiments were performed to determine the
structural change during the OOT. In this study, MW2D is sensitive
to OOT of SEBS. The structural assignments of OOT were aided by
AFM. The morphology in our AFM images (Fig. 4) is very similar
with that of TEM pictures in Krishnamoorti’s papers. Although
SANS, rheological measurements, and TEM can gain the transition
temperature and the morphology change of OOT, these methods
have no capacity to gain the mechanism from functional groups.
MW?2D combined generalized 2D correlation spectroscopy not only
detected the OOT with high sensitivity, but also gain the sequential
order of functional groups movements of SEBS during OOT.

4.3. Lattice disordering transition

In Fig. 3, it can be determined the LDT temperature around
170 °C. There are five weak correlation intensity peaks appear
around 170 °C. The corresponding bands assignments are listed in
Table 1. According to the literature [26], the lattice disordering
transition (LDT) temperature was always between the OOT and the
ODT. We speculate 170 °C is the lattice disordering transition (LDT)
temperature of G1657.

AFM measurement was also employed to explore the surface
morphology transition of the SEBS at 170 °C. Fig. 9 shows the surface
morphology of the as-prepared SEBS film samples 3. It shows the
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Fig. 10. Synchronous and asynchronous IR spectra of the LDT (164—187 °C) in 780—680 cm ™. The small crosses mark the precise position at (763 cm™', 702 cm™1), (721 cm™',

702 cm™'), and (763 cm™', 721 cm™").
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Fig. 11. Synchronous and asynchronous IR spectra of the LDT (164—187 °C) between 780—680 cm~! and 3000—2800 cm ™. The small crosses mark the precise position at

(2962 cm™!, 702 cm™') and (2962 cm ™}, 721 cm™1).

disorder spheres of the S blocks. However at 152 °C (Fig. 4(b)), it was
a typical body-centered cubic (BCC) sphere morphology. It solidified
that the temperature determined by MW2D around 170 °C was
indeed the LDT of the SEBS. It should be noticed there still had
a small mount of PS “worm” exist at 170 °C, such as the “worm”
mentioned in Fig. 4(b). It suggested the imperfect PS spent longer
time to complete the OOT. The OOT of these imperfect PS will not
finish at all within a short thermal treatment time, even though the
environment temperature (170 °C) is higher than the OOT temper-
ature (152 °C). It can be concluded that the PS “worm” will direct
involve in the order—disorder transition (ODT) with the tempera-
ture increasing in further.

It is also noticed the bands at 2962 cm~! show no correlation
intensity peak around 170 °C (Fig. 3). It also may be due to the
correlation intensity at 2962 cm~' is very small, so it is not
revealed. The dynamic IR spectra within the LDT temperature range
were analyzed using the generalized 2D correlation method. The
range of B which is 164—187 °C is defined as the LDT temperature
range in Fig. 3. The synchronous and asynchronous IR spectra in
780—680 cm~! are shown in Fig. 10. The small crosses mark the
precise positions at (763 cm~!, 702 cm™1), (721 cm~!, 702 cm™1),
and (763 cm™ !, 721 ecm™!). The synchronous and asynchronous IR
spectra between 780—680 cm~! and 3000—2800 cm~! are shown
in Fig. 11. The results are listed in Table 2. According to Noda’s rules,
—CH,— (EB blocks) = benzene ring (S blocks) = —CH3 (EB blocks).
The movements of these groups are simultaneous. It is proved the
SEBS molecular chains move as a whole in the LDT. The process may
be described as follows. G1657 shows a body-centered cubic (BCC)
sphere morphology between 152 °C and 170 °C; meanwhile, the PS
spheres are at the equilibrium position. There are already a fraction
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Fig. 12. Sketch of the mechanism of the SEBS LDT. The area between the solid circles
and the dashed circles represents the phase interface. The thin solid lines and the thin
dashed lines represent the molecular chains of EB and S blocks, respectively.

of the polystyrene chains enter the interface when the temperature
is below 170 °C. As the temperature increases above 170 °C, these
polystyrene chains suddenly escape from the interface and then
enter the EB blocks. Because of the unbalanced force around the PS
spheres, the PS spheres quickly deviate from the equilibrium
position, which leads to the LDT (Fig. 12).

Kim et al. [26] studied the LDT of a highly asymmetric SEBS with
a volume fraction of PS of 0.084. On the basis of SAXS, TEM, and
rheological measurements, the LDT of SEBS was successfully
determined. In SAXS, the higher order diffraction peaks from the
BCC structure disappeared above the LDT temperature. The particle
scattering of spheres due to the intraparticle or interparticle
interference was clearly observed between the LDT and ODT. It was
also found that a precipitous decrease in storage modulus (G') in
rheological measurements and a change in morphology of TEM
occurred at the same temperature of the LDT. However, in Krish-
namoorti’s [31—33] paper, the LDT of SEBS was not detected. The
SEBS sample used by Krishnamoorti et al. is the same as this study.
It indicates that the sensitivity of measurements employed by
Krishnamoorti et al. is far lower than MW2D and it’s hard to detect
the LDT clearly. In this study, MW2D conveniently determines the
LDT without difficulties. The sequential order of functional groups
movements of SEBS during LDT is well understood using general-
ized 2D correlation analysis.

1.00

0.50

0
0 0.50 1.00

pm

Fig. 13. AFM height images (1 x 1 pum) showing the surface morphology of SEBS films
on mica flakes. The SEBS film was rapid quenched in freezing absolute ethyl alcohol at
202 °C.
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Fig. 14. Synchronous and asynchronous IR spectra of the ODT (194—210 °C) in 780—680 cm ™. The small crosses mark the precise position at (763 cm~", 702 cm™1), (721 cm™",

702 cm™ '), and (763 cm™', 721 cm ™).

4.4. Order—disorder transition

As shown in Fig. 3, several strong correlation intensity peaks
appear around 202 °C. All the spectral bands of the SEBS (S and EB
blocks) show correlation intensity. It is obviously an outcome of the
order—disorder transition (ODT) of SEBS. Many researchers
[9,19—21,31] studied the ODT of the block copolymers. When the
temperature reached the ODT temperature, the interaction
parameter (x) between the blocks became zero. The ODT was the
transition that the molecular chains of the different blocks
underwent interpenetration. Therefore, the final result of the ODT
was to achieve the uniform polymer bulk in block copolymers.
Moreover, when the temperature was higher than the ODT
temperature, the microphase separation of the block copolymers
vanished. Unlike the OOT, the speed of the complete ODT of the
block copolymers was very fast. Krishnamoorti et al. [31,32]
reported the order—disorder transition (ODT) of the SEBS
(G1657) was about 200 °C. This result is almost the same as
determined by MW2D in this study.

Fig. 13 shows the surface morphology of the as-prepared SEBS
film samples 4. It clearly shows the microphase separation of the
SEBS disappears entirely. The dynamic IR spectra within the ODT
temperature range were also analyzed using the generalized 2D
correlation method. The range of C (194—210 °C) is defined as
the ODT temperature range in Fig. 3. The synchronous and

asynchronous spectra in 780—680 cm™! are shown in Fig. 14. The
synchronous and asynchronous IR spectra between 780—680 cm™!
and 3000—2800 cm™! are shown in Fig. 15. The results are listed in
Table 2. According to Noda’s rules, —CH,— (EB blocks) — —CHs (EB
blocks) and —CHy— (EB blocks) — benzene ring (S blocks). This
shows the driver of the ODT is the movements of —CH,— in the
main chains of the EB blocks. The process of the ODT is the infil-
tration of —CHy— (EB blocks) in S blocks.

SANS, SAXS, and rheological measurements were the classic
methods to detect the ODT of SEBS [26,31—33]. In rheological
measurements, the ODT is defined by the temperature where the
storage modulus G’ drops precipitously. In plots of logG’ versus
logG™, the ODT is also taken as the threshold temperature, above
which these plots are independent of temperature. In Kim and
Krishnamoorti’s [26,31—33] papers, none of TEM pictures above
ODT temperature was provided. In contrast, Fig. 13 clearly illus-
trates the vanishing of the SEBS structures. Although SANS, SAXS,
and rheological measurements can determined ODT clearly, the
process of ODT with functional groups is not available. In general,
scientists considered the ODT of SEBS was the transition caused by
inter-diffusion between EB and S blocks. In this study, the detail
mechanism of the ODT process which is interpreted from func-
tional groups level is gained using MW2D combined with gener-
alized 2D analysis. From the sequential order of the functional
groups, it can be easily gained that the movements of groups of EB
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Fig. 15. Synchronous and asynchronous IR spectra of the ODT (194—210 °C) between 780—680 cm~' and 3000—2800 cm™. The small crosses mark the precise position at

(2962 cm~!, 702 cm~!) and (2962 cm™!, 721 cm™").
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Fig. 16. Transitions revealed in this paper. (a) The OOT, around 152 °C. The rapid transition of the relatively perfect PS cylinders to the spheres. While the PS “worm” still keep the shape
during the transition; (b) the LDT, around 170 °C. The PS “worm” still retains its shape during the transition. (c) The ODT, around 202 °C. The PS “worm” direct involves in the ODT.

blocks are apparently before that of S blocks during the ODT. So the
mechanism of ODT of SEBS is probably caused by infiltration of EB
blocks into the domains of S blocks. In Fig. 16, it draws the transi-
tions revealed in the present study.

5. Conclusion

In the present study, the two-dimensional correlation spec-
troscopy was employed to study the temperature-dependent IR of
SEBS at high temperature. The order—order transition, the lattice
disordering transition, and the order—disorder transition of SEBS
were revealed with a linear temperature increment ranging from
100 °C to 220 °C.

(1) 152 °C, the cylinder-to-sphere order—order transition.
(2) 170 °C, the lattice disordering transition.
(3) 202 °C, the order—disorder transition.

The order—order transition, the lattice disordering transition and
the order—disorder transition of block copolymers can be conve-
niently determined by MW2D. As everyone knows, the investigated
subject of MW2D correlation spectroscopy is microscopic and
submicroscopic molecular movements. In our study, these micro-
scopic or submicroscopic molecular movements can be used to
explain the meso transitions through IR combined with MW2D.
From the results of generalized 2D correlation infrared spectroscopy,
it gained the mechanism of OOT, LDT, and ODT in functional group
level. The key driver of the OOT is the movements of —CH,— in the
main chains of the EB blocks. In the LDT, the movements of groups
are simultaneous and the SEBS molecular chains move as a whole. In
the ODT, it shows that the driver is the movements of —CH,— in the
main chains of the EB blocks. The process of the ODT is the infiltration
of —CH,— (EB blocks) in S blocks.
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